Background-Transgenic (TG) Ca/calmodulin-dependent protein kinase II (CaMKII)␦ C mice have heart failure and isoproterenol (ISO)-inducible arrhythmias. We hypothesized that CaMKII contributes to arrhythmias and underlying cellular events and that inhibition of CaMKII reduces cardiac arrhythmogenesis in vitro and in vivo. Methods and Results-Under baseline conditions, isolated cardiac myocytes from TG mice showed an increased incidence of early afterdepolarizations compared with wild-type myocytes (PϽ0.05). CaMKII inhibition (AIP) completely abolished these afterdepolarizations in TG cells (PϽ0.05). Increasing intracellular Ca stores using ISO (10 Ϫ8 M) induced a larger amount of delayed afterdepolarizations and spontaneous action potentials in TG compared with wild-type cells (PϽ0.05). This seems to be due to an increased sarcoplasmic reticulum (SR) Ca leak because diastolic [Ca] i rose clearly on ISO in TG but not in wild-type cells (ϩ20Ϯ5% versus ϩ3Ϯ4% at 10 Ϫ6 M ISO, PϽ0.05). In parallel, SR Ca leak assessed by spontaneous SR Ca release events showed an increased Ca spark frequency (3.9Ϯ0.5 versus 2.0Ϯ0.4 sparks per 100 m Ϫ1 ⅐s Ϫ1 , PϽ0.05). However, CaMKII inhibition (either pharmacologically using KN-93 or genetically using an isoform-specific CaMKII␦-knockout mouse model) significantly reduced SR Ca spark frequency, although this rather increased SR Ca content. In parallel, ISO increased the incidence of early (54% versus 4%, PϽ0.05) and late (86% versus 43%, PϽ0.05) nonstimulated events in TG versus wild-type myocytes, but CaMKII inhibition (KN-93 and KO) reduced these proarrhythmogenic events (PϽ0.05). In addition, CaMKII inhibition in TG mice (KN-93) clearly reduced ISO-induced arrhythmias in vivo (PϽ0.05). Conclusions-We conclude that CaMKII contributes to cardiac arrhythmogenesis in TG CaMKII␦ C mice having heart failure and suggest the increased SR Ca leak as an important mechanism. Moreover, CaMKII inhibition reduces cardiac arrhythmias in vitro and in vivo and may therefore indicate a potential role for future antiarrhythmic therapies warranting further studies. (Circ Heart Fail. 2009;2:664-675.)
C alcium/calmodulin-dependent protein kinase II (CaMKII) is a multifunctional serin/threonine protein kinase. Its expression is increased in human heart failure in both ischemic and dilated cardiomyopathy. 1, 2 CaMKII in the heart is predominantly present in its ␦ isoform with the splice variant ␦ C being localized to the cytosol. 3 CaMKII regulates numerous intracellular proteins, including sarcolemmal ion channels (eg, L-type Ca and Na channels) and sarcoplasmic reticulum (SR) Ca release channels (RyR) and phospholamban and therefore is important in regulating SR Ca release and Ca reuptake. Thus, CaMKII is critical in the fine tuning of cardiac excitation-contraction coupling. [3] [4] [5] [6] [7] 
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We previously showed that transgenic (TG) CaMKII␦ C overexpression in mouse hearts induces severe heart failure, 7 which is accompanied by an increased incidence in electrically and pharmacologically inducible arrhythmias. 4 Interestingly, chronic CaMKII inhibition was shown to protect against maladaptive cardiac remodelling after excessive ␤-adrenergic stimulation with isoproterenol (ISO) and myocardial infarction. 8 Moreover, CaMKII inhibition contributed to a reduction in arrhythmias in a TG CaMKIV and a calcineurin mouse model 9, 10 and after acidosis in rat heart. 11 Several intracellular potentially CaMKII-dependent mechanisms have been shown to be involved in this arrhythmogenesis with a main focus on sarcolemmal L-type Ca channeldependent early afterdepolarizations (EADs). 12 However, it is not clear whether the increased incidence of cardiac arrhythmias in TG CaMKII␦ C mice is due to a higher CaMKII activity itself or to the mice's heart failure phenotype including altered expression of Ca-handling proteins, as described previously 7 and what the mode of action for the arrhythmogenesis might be, ie, whether other channels in addition to L-type Ca channels such as RyRs may be involved.
Therefore, we hypothesized that CaMKII activity contributes to cardiac arrhythmogenesis in TG CaMKII␦ C mice with heart failure 4 and that CaMKII inhibition would reduce proarrhythmogenic events despite the heart failure phenotype. To test this, we isolated cardiac myocytes from TG CaMKII␦ C mice having heart failure and wild-type (WT) littermates. 4, 13 Myocytes were current clamped and investigated using epifluorescence and confocal microscopy. Cellular proarrhythmogenic events in vitro were defined as (i) afterdepolarizations of the membrane potential; (ii) spontaneous elementary SR Ca release events (Ca sparks); and (iii) nonstimulated (spontaneous) Ca transients and myocyte contractions (nonstimulated events [NSEs] ). Experiments were performed under baseline and Ca-loaded conditions (using ISO). All experiments were performed with and without CaMKII inhibition (AIP or KN-93). 4, 7, 13 Moreover, cells from mice specifically lacking CaMKII␦ (CaMKII␦-KO) were used for comparison. 14 In addition, we also tested whether pharmacological CaMKII inhibition could reduce ISOdependent arrhythmias in TG CaMKII␦ C mice in vivo. 4 We found a dramatically increased incidence of proarrhythmogenic events in vitro in TG myocytes under basal and ISO-stimulated conditions presumably due to both L-type Ca channel (EADs) and RyR-malfunctions (delayed afterdepolarizations [DADs] and SR Ca sparks). Furthermore, we could show that pharmacological CaMKII inhibition clearly reduced arrhythmogenic events in vitro and cardiac arrhythmias in vivo in TG CaMKII␦ C mice having heart failure. Moreover, CaMKII␦-inhibition using a CaMKII␦-KO mouse model 14 also reduced arrhythmogenic events despite ␤-adrenergic stimulation. We conclude that CaMKII activity can contribute to cardiac arrhythmogenesis in TG CaMKII␦ C mice and suggest the SR Ca leak as an important factor in arrhythmogenesis. Therefore, reducing CaMKII activity may provide novel antiarrhythmic therapies in heart failure, especially because CaMKII inhibition seems to act antiarrhythmic with respect to several intracellular arrhythmogenic triggers.
Methods

Mouse Cardiac Myocyte Isolation
TG CaMKII␦ C mice (nϭ43 mice, 13.4Ϯ0.5 mg/g) had a Ϸ1.7-fold increased heart weight to body weight ratio compared with their WT littermates (nϭ26 mice, 8.0Ϯ0.5 mg/g, PϽ0.05), which is consistent with their heart failure phenotype reported previously. 4, 7, 13 CaMKII␦-KO mice had a heart to body weight ratio of 7.2Ϯ0.4 mg/g (nϭ8 mice) and were generated as published previously by Backs et al 14 Cardiac myocyte isolation from TG, WT, and KO mouse hearts was performed as described previously. 4, 13 In brief, mice were anesthetized in a gas chamber with isoflurane, hearts were excised and mounted on a Langendorff perfusion apparatus and were retrogradely perfused with a nominally Ca-free Tyrodes solution containing (in mM) NaCl 113, KCl 4.7, KH 2 PO 4 0.6, Na 2 HPO 4 ϫ2H 2 O 0.6, MgSO 4 ϫ7H 2 O 1.2, NaHCO 3 12, KHCO 3 10, HEPES 10, Taurine 30, 2,3-butanedione 10, glucose 5.5, phenol red 0.032 for 4 minutes at 37°C (pH 7.4). Then, 7.5 mg/mL liberase 1 (Roche Diagnostics, Mannheim, Germany), trypsin 0.6%, and 0.125 mmol/L CaCl 2 were added to the perfusion solution. Perfusion was continued for Ϸ3 minutes until the heart became flaccid. Ventricular tissue was removed, cut into small pieces, and dispersed until no solid cardiac tissue was left. Ca reintroduction was performed carefully through stepwise increasing [Ca] from 0.1 to 0.8 mmol/L. Shortly after, cells were plated onto superfusion chambers, with the glass bottoms treated with laminin to allow cell adhesion and then used for immediate measurements. All investigations conform to the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health (publication No. 85-23, revised 1996).
Current-Clamp Measurements
Current-clamp measurements were performed at 2 stimulation frequencies (0.5 and 1 Hz) to elicit action potentials (APs) on an inverted Nikon T 300 microscope using a HEKA EPC 10 patchclamp-setup (Heka Electronics, Inc, Lambrecht, Germany). In brief, low-resistance pipettes (usually Ϸ3 M⍀) were pulled and filled with an internal solution containing (in mM) K-aspartic acid 120, KCl 8, NaCl 7, MgCl 2 1, Mg-ATP 5, and HEPES 10. Cells were superfused with an external solution containing (in mM) KCl 5.4, NaCl 135, MgCl 2 1, HEPES 10, and glucose 10 at physiological temperature (36Ϯ1°C) and [Ca] (1 mmol/L). Resting cell membrane potentials were similar in WT (Ϫ74.4Ϯ0.8 mV, nϭ25) and TG (Ϫ75.8Ϯ0.8 mV, nϭ31) ventricular myocytes. When appropriate, CaMKII was blocked by adding 0.1 mol/L AIP to the pipette solution. EADs were observed as spontaneous oscillations during the plateau phase of the AP and verified by 3 different investigators. In some experiments, ISO (at 10 Ϫ8 M) was superfused for 5 minutes and cells were investigated for DADs and spontaneous APs. All measurements were performed by a blinded investigator.
Shortening and Ca Measurements Using Epifluorescence Microscopy
Shortening and [Ca] i measurements were performed simultaneously and performed as reported previously 6,13 using a Nikon Eclipse TE2000-U inverted microscope provided with an IonOptix fluorescence detection system. Myocytes were loaded with either fluo-3 or fura-2 by incubation with 10 mol/L of the acetoxymethyl ester form of the dyes (Molecular Probes, Eugene, Ore) and incubated for 15 minutes at room temperature in darkness. Emitted fluorescence was collected using a photomultiplier at Ϸ535Ϯ20 nm for fluo-3 and Ϸ510 nm for fura-2, respectively. Ca transient amplitudes were calculated by means of peak fluorescence divided through baseline fluorescence (F/F 0 , fluo-3) after subtracting background fluorescence. 13 The amount of Ca that forms a transient could be semiquan- 7, 15 For fura-2, Ca transient amplitude was assessed as the 340/380-nm fluorescence ratio (F340 nm/F380 nm). Myocytes were field stimulated (voltage Ϸ25% above threshold) at 1 Hz and were exposed to increasing concentrations of ISO (0, 10 Ϫ9 to 10 Ϫ6 M ISO) in an experimental solution containing (in mM) NaCl 140, KCl 4, MgSO 4 7H 2 O 1, glucose 10, HEPES 5, and MgCl 2 1 at 37°C and pH 7.4. To avoid interference with fluorescence measurements, cells were transilluminated by red light (Ͼ650 nm), and shortening was measured using a sarcomere length detection system (IonOptix Corp, Milton, Mass). In addition, we measured ISO-dependent changes in diastolic [Ca] i . CaMKII inhibition was ensured by superfusing isolated cells for 15 minutes using the organic CaMKII-inhibitor KN-93 (1 mol/ L) 13 compared with its inactive analogue KN-92 (1 mol/L) 5,16 -18 for comparison. However, some experiments were performed using cells from CaMKII␦-KO mice specifically lacking CaMKII␦. 14 Cellular arrhythmias, which are detectable with our epifluorescence system, were defined as NSE that describe spontaneous Ca-transient increases with subsequent contractions of myocyte. Thereby early NSE (ENSE) as approximate measures for systolic arrhythmogenic events-occurring before the turning point of the Ca transient decay-were separated from late NSE (LNSE). LNSE were observed after the turning point of the Ca transient decay and considered as diastolic arrhythmogenic events. LNSE were categorized as sustained events if they outlast Ͼ3 seconds at an intrinsic unstimulated frequency above 3 Hz. All measurements were performed by blinded investigators.
Confocal Microscopy
Ca sparks measurements were performed in fluo-4-loaded (10 mol/L, 20 minutes incubation) TG or KO cardiac myocytes on a laser scanning confocal microscope (Zeiss LSM 5 PASCAL, Göttingen, Germany) as reported previously. 6, 7, 19 Fluo-4 AM-loaded cells were excited through an argon laser (at 488 nm), and emitted fluorescence was collected at 505 nm through a long-pass emission filter. 19 Cells were superfused with normal Tyrode solution (see above) or the same solution containing 10 Ϫ7 M ISO. Ca sparks were analyzed with using Zeiss software.
Arrhythmia Induction and CaMKII Inhibition In Vivo
TG mice were anesthetized using 2.5% Avertin as reported previously, 4 and an equivalent of lead I ECG (ECG) recording was performed. After stabilization of the preparation, a control ECG was recorded for 5 minutes. This was followed by an intraperitoneal injection of ISO (2 mg/kg body weight) and a subsequent recording period of Ϸ10 minutes. During this period, ECGs were analyzed for ISO-induced arrhythmias. CaMKII inhibition was performed in the same mouse on different days. In brief, 20 mol/L/kg KN-93 or KN-92, respectively, was injected intraperitoneal Ϸ12 minutes before ISO application under continuous ECG recording. Then, ISO was applied as described above, and ECGs were recorded for 10 minutes and analyzed for arrhythmias.
Statistics
Data are presented as meanϮSEM. Two-way analysis of variance (ANOVA) for repeated measurement tests combined with Student-Newman-Keuls post hoc test was performed for Figure 2B 
Results
CaMKII␦ C Overexpression Increases the Incidence of CaMKII-Dependent Afterdepolarizations In Vitro
Because Wagner et al 4 found a higher incidence of inducible arrhythmias in vivo in TG CaMKII␦ C mice, we tested whether isolated myocytes from TG hearts exhibited proarrhythmogenic afterdepolarizations on a cellular level. As depicted in an original trace in Figure 1A , TG CaMKII␦ C overexpression resulted not only in increased AP duration as previously reported 7 but also in a higher incidence of EADs, which may arise from the Ͼ2-fold increased AP duration. Average values showed significantly more EADs in TG compared with WT hearts ( Figure 1B ; 0.5 Hz; PϽ0.05, using Fisher 2-sided exact test). A clearly increased EAD incidence was also found at 1-Hz stimulation in TG versus WT myocytes (55 EADs during 661 APs in 30 myocytes of 15 TG hearts versus 13 EADs during 456 APs in 24 cells from 14 WT hearts; PϽ0.05, using Fisher 2-sided exact test). Importantly, CaMKII inhibition (using 0.1 mol/L AIP) significantly reduced the incidence of EADs in TG CaMKII␦ C at 0.5 Hz as shown in Figure 1B and similarly at 1-Hz stimulation (down to 0 EADs during 140 APs in 7 cells from 7 TG hearts; PϽ0.05 versus untreated TG myocytes, using Fisher 2-sided exact test). These data show that CaMKII-overexpressing cells from mice having heart failure have an increased incidence of proarrhythmogenic EADs on a cellular level. Most importantly, CaMKII inhibition reduced those events pointing to the fact that CaMKII activity directly may contribute to cardiac arrhythmogenesis under basal conditions in vitro. However, we failed to detect a significantly increased incidence of DADs under basal conditions (0.5-or 1-Hz stimulation rate; 1 mmol/L [Ca] o ), despite a previously reported increased Ca spark frequency. 6, 7 This could be due to the well-known reduced SR Ca content of TG cells 6, 7, 13 leading to small amplitude Ca sparks 7 that were probably insufficient to produce distinct detectable oscillations of the membrane potential through the transient inward current (I ti ). 20 Interestingly, Fujiwara et al 21 also found that low-Kperfused hearts exhibited Ca waves sporadically between Ca transients but without discernible membrane depolarization. Moreover, Ca waves induced membrane potential oscillations and triggered activity when they emerged synchronously and intensively in the heart. This gives nice evidence to the fact that Ca oscillations and hence sole Ca sparks do not necessarily result in detectable DADs if they do not reach a certain threshold. However, ISO treatment (10 Ϫ8 M for 5 minutes) showed an increased incidence of DADs and spontaneous APs in TG cardiac myocytes (PϽ0.05 versus WT using Fisher 2-sided exact test; Figure 1C and 1D) This seems to be important because under physiological conditions (ie, at high stimulation rates or in the presence of ␤-adrenergic stimulation), SR Ca load and [Ca] i increases substantially and may induce further arrhythmogenic triggers that could be of a higher relevance for arrhythmias in vivo (and even under pathophysiological conditions such as in heart failure, catecholamine levels are known to be increased). Therefore, we decided to challenge the cells using ISO (up to 10 Ϫ6 M) to load the SR Ca stores of TG cells and to further unmask their potential diastolic proarrhythmogenic events.
CaMKII␦ C Overexpression Impairs the ISO-Dependent Inotropic Increase in Isolated Myocytes but Increases Diastolic [Ca]
We first examined isolated TG and WT myocytes using epifluorescence microscopy under basal and ISO-stimulated conditions (10 Ϫ9 to 10 Ϫ6 M ISO). Figure 2A shows that increasing the ISO concentrations increased the Ca transient amplitudes in TG cardiac myocytes (solid line) and in WT control cells (dashed line). However, average values shown in Figure 2B show an impaired increase in Ca transient ampli- Whether this difference in the inotropic response was due to impaired SR Ca reuptake (and hence SR Ca release) can be assessed by twitch relaxation parameters. From Figure 2C , it can be appreciated that the extent of the ISO response (Ϸ30% to 35%) was similar in CaMKII␦ C -overexpressing cells and WT control myocytes, although TG myocytes had a Ϸ10% to 20% prolonged relaxation time throughout all ISO concentration steps (ANOVA PϽ0.05, Figure 2C ), most likely due to the decreased sarcoplasmic reticulum Ca-ATPase expression. 7 This behavior indicates an only slightly affected SR Ca uptake on ISO stimulation in TG myocytes but points to an increased SR Ca loss in TG cells. Indeed, a significant increase in diastolic [Ca] i could be detected in TG in the presence of ISO by 15Ϯ4% (at 10 Ϫ7 M ISO) but without any changes at all in WT myocytes (ϩ2Ϯ2% at 10 Ϫ7 M ISO, ANOVA PϽ0.05, Figure 2D ). Even when stimulating myocytes in the presence of 10 Ϫ7 M ISO from 0.1 to 4 Hz, diastolic [Ca] increased clearly in TG by 29Ϯ6% but only modestly in WT (ϩ14Ϯ2%, PϽ0.05 using ANOVA).
To test whether the effect of CaMKII on diastolic [Ca] i also occurs without heart failure phenotype (and without protein expression changes of intracellular Ca-handling proteins), we overexpressed CaMKII by adenoviral transfection for 24 hours in rabbit cardiac myocytes as reported previously. 6, 13 We saw a similar difference in the increase of diastolic [Ca] i in CaMKIIoverexpressing rabbit myocytes with ϩ37.5Ϯ8.6% versus LacZ control with ϩ18.5Ϯ5.4% at 10 Ϫ7 M ISO (PϽ0.05 using ANOVA) in the presence of unchanged protein expression, pointing to the importance of an CaMKII-dependent increased SR Ca leak even under these conditions.
Because elementary SR Ca release events are the main mechanism for SR Ca loss, we assessed SR Ca sparks in TG and WT mouse myocytes in a next step. Figure 3C ). Moreover, CaMKII␦-KO cells showed a Ca spark frequency of only 1.7Ϯ0.2 sparks per 100 m Ϫ1 ⅐s Ϫ1 on ISO (PϽ0.05 versus KN-92ϩISO using Student t test). The lowest values were found for KN-92 without ISO (2.0Ϯ0.4 sparks per 100 m Ϫ1 ⅐s Ϫ1 ) and even lower for KN-93 without ISO (1.1Ϯ0.3 sparks per 100 m⅐s, nϭ3) where almost no sparks occur at all (ie, only 7% sparking myocytes in the KN-93 without ISO group versus 22% in the KN-92 without ISO group). Although Ca spark characteristics were similar between all groups ( Figure 3B and 3D), calculated SR Ca leak (Ca spark frequencyϫamplitudeϫduration) was almost doubled in KN-92ϩISO group compared with control, and KN-93 was able to reduce this diastolic SR Ca leak almost to control levels ( Figure 3E ). Of note, diastolic Ca leak was found to be even further decreased to a third in cells from CaMKII␦-KO mice on ISO-stimulated conditions.
CaMKII␦ C Overexpression Increases Diastolic SR Ca Leak Under Ca-Loaded Conditions In Vitro
Because Ca sparks and SR Ca leak, in general, depend largely on SR Ca load, 22 we wanted to know whether the decreased SR Ca leak in the presence of KN-93 mainly is due to a reduced SR Ca content or whether it is a specific inhibiting effect on SR Ca release.
Isoproterenol-Induced Changes in SR Ca Content in the Presence of CaMKII Inhibition
The increase in SR Ca content in the presence of ISO is expected and a well-known effect ( Figure 4A and 4B) . Thus, KN-92-treated TG cells showed a significant increase in SR Ca content by Ϸ30% on ISO stimulation (from 0.55Ϯ0.06, nϭ16 up to 0.72Ϯ0.04 at 10 Ϫ7 M ISO, PϽ0.05 using Student t test, Figure 4B ). Similarly, SR Ca content was found to be significantly increased up to 0.85Ϯ0.04 (nϭ9) in CaMKIIinhibited TG cells compared with basal conditions (Ϸϩ54% versus KN-92 without ISO, PϽ0.05 using Student t test) and compared with KN-93 (nϭ10) without ISO with 0.64Ϯ0.08 (Ϸϩ16%). Furthermore, CaMKII inhibition (KN-93) also induced a further increase in SR Ca loading compared with KN-92-treated cells on ISO stimulation (Ϸϩ18% versus KN-92 on 10 Ϫ7 M ISO, PϽ0.05 using Student t test, Figure  4B ). This seems to be in line with a Ϸ10% lower diastolic [Ca] i in KN-93-versus KN-92-treated cells on ISO stimulation (0.50Ϯ0.02, nϭ9, versus 0.55Ϯ0.03, nϭ15), which may point to the fact that CaMKII-inhibited cells indeed have a decreased diastolic Ca loss from the SR on ISO. However, this finding fits nicely to the decreased Ca spark frequency on ISO in KN-93-treated TG cells as shown in Figure 3C . In addition, data for intracellular Ca transients ( Figure 4C) show ISO-dependent increases in parallel to SR Ca content in TG cells. It is well accepted that SR Ca spark frequency and amplitude usually correlate well with SR Ca load. 22 Therefore, the decreased SR Ca leak, as shown in Figure 3E , is most likely due to a specific (inhibiting or stabilizing) effect on SR Ca release because we even found an increased SR Ca load in the presence of KN-93. A specific and inhibiting Figure 5A shows representative nonstimulated Ca transients (above) and nonstimulated myocytes contractions (below) that have been frequently observed in TG myocytes. On the left panel, an ENSE is depicted with a nonstimulated Ca increase before the turning point of the Ca transient decay, which was accompanied by a minor cell contraction. In contrast, LNSEs, shown on the right panel ( Figure 5A ), occur after the turning point of the Ca transient decay and appear with major contractions of the myocytes. However, average data in Figure 5B show a significantly increased incidence of early (left, 54.4% versus 4.3%, PϽ0.05 using Fisher 2-sided exact test) and late (right, 86.4% versus 42.9%, PϽ0.05 using Fisher 2-sided exact test) NSEs in TG versus WT cells on increasing ISO concentrations. An arrhythmia-inducing protocol (100-second recording period at 10 Ϫ7 M ISO, Figure 5C and 5D) shows the averaged incidence of ENSEs ( Figure 5C ) and LNSE ( Figure 5D ) with and without CaMKII inhibition. Pharmacological CaMKII inhibition (using KN-93) as well as CaMKII␦-KO significantly decreased the incidence of ENSEs and LNSEs (using Fisher exact test, PϽ0.05), whereas KN-92 exhibited only minor, nonsignificant effects with respect to the NSE incidence, arguing against effects mediated by L-type Ca channel inhibition. Interestingly, severe sustained NSEs (Ͼ3 seconds, unstimulated frequency Ͼ3 Hz, Figure 5E ) were predominant in TG myocytes and rarely seen in WT (42.4% of 33 cells versus 3.2% of 31 cells, PϽ0.05 using Fisher exact test, Figure 5F ). Moreover, these events could be completely abolished using CaMKII inhibition (down to 0% of 8 cells, PϽ0.05 using Fisher exact test) and were not seen in KO cells (nϭ52, PϽ0.05 using Fisher exact test).
CaMKII␦ C Overexpression Increases the Incidence of CaMKII-Dependent NSEs on ISO Stimulation
In summary, CaMKII-overexpression not only increases the incidence of spontaneous proarrhythmogenic events such as afterdepolarizations (see above) and ENSEs but also leads to a dramatically enhanced frequency of LNSEs (and SNSEs) in vitro. Importantly, CaMKII inhibition was sufficient to reduce all types of proarrhythmogenic cellular events pointing to its potential antiarrhythmic relevance in failing cardiac myocytes with increased CaMKII activity.
However, because it was still unclear whether these cellular events could also be inhibited in vivo, we performed experiments in anesthetized mice.
CaMKII Inhibition Decreases the Incidence of Cardiac Arrhythmias In vivo in TG CaMKII␦ C Mice Having Heart Failure
Because we had found several antiarrhythmic effects of CaMKII inhibition on cellular levels, we tested, in a last step, whether CaMKII inhibition is sufficient to reduce cardiac arrhythmias in vivo in TG CaMKII␦ C mice having heart failure. Three representative ECG records are shown in Figure 6A , whereas Figure 6B depicts detailed tracings for respective arrhythmic events resembling most likely the previously described bidirectional tachycardias. All experiments were performed on the same mouse on different days. The TG mouse (upper panel) exhibited ISO-dependent arrhythmias even after KN-92 treatment (20 mol/L/kg body weight, 12 minutes before ISO application, middle panel). However, KN-93 (20 mol/L/kg body weight) was able to prevent cardiac arrhythmias in TG CaMKII mice (lower panel). Average values with respect to heart rate (in beats per minute) demonstrate that ISO-dependent increases in heart rate were similar for all groups (Figure 6C , PϽ0.05 using Student t test), making different ISO effects on heart rate after KN-93 and KN-92 treatment for arrhythmogenesis unlikely. Average data shown in Figure 6D showed that KN-93 significantly reduced cardiac arrhythmias in TG CaMKII mice in vivo (0 of 4 mice in KN-93-treated group versus 5 of 6 mice in untreated group exhibited arrhythmias in the first 10 minutes after ISO application, PϽ0.05 using Fisher exact test). However, KN-92 also had a slight effect on the incidence of cardiac arrhythmias in TG mice but this small effect failed to be significant. Therefore, CaMKII inhibition itself reduced cardiac arrhythmias in vivo, confirming its beneficial effects with respect to arrhythmogenesis on the cellular level and extending its relevance to the in vivo level. 
Discussion
This study shows that CaMKII contributes to cardiac arrhythmogenesis in TG CaMKII␦ C mice having heart failure. We identified the increased SR Ca leak as an important proarrhythmogenic mechanism in failing TG CaMKII cells under Ca-loaded conditions. Most importantly, we demonstrate that CaMKII inhibition reduces these proarrhythmogenic events pointing to its potential antiarrhythmic relevance in heart failure. Moreover, we suggest a novel, genetic approach of isoform-specific CaMKII␦ inhibition to result in only few arrhythmogenic events despite ␤-adrenergic stimulation, which could be of importance in future antiarrhythmic therapies. In line with our cellular findings, we show that CaMKII inhibition also decreases arrhythmias in vivo in TG CaMKII␦ C mice. Therefore, we conclude that targeting increased CaMKII activity may provide novel antiarrhythmic therapies in heart failure.
TG CaMKII␦ C Mice as a Model of Increased CaMKII Activity and Heart Failure
TG CaMKII␦ C overexpression was shown to be associated with heart failure 7 and with arrhythmias in vivo. 4 CaMKII activity is increased by Ϸ3-fold in TG CaMKII␦ C mice, 23 which is similar to its increased CaMKII activity observed in failing human hearts. 1,2 Therefore, the TG CaMKII␦ C mouse can be regarded not only as a model of increased CaMKII activity but also as a pathophysiological relevant model of heart failure.
However, no data investigating the role of CaMKII in the arrhythmogenesis in TG CaMKII␦ C mouse and what potential mechanism may lead to proarrhythmogenic effects had been gathered yet. Moreover, it is not clear whether CaMKII activity itself had contributed to cardiac arrhythmias observed by Wagner et al, 4 or whether they are simply due to the mice's heart failure phenotype, including altered expression of Ca-handling proteins. 4, 7 
TG CaMKII␦ C Overexpression Increases the Incidence of Systolic, CaMKII-Dependent EADS
The results of this study demonstrate that TG CaMKII␦ C overexpression increases the incidence of cellular proarrhythmogenic events. First, we could identify an increased incidence of EADs under basal conditions (ie, without ISO), which is in line with reports from Mark Andersons Laboratory, showing that CaMKII activity is associated with the generation of these systolic proarrhythmogenic events. 5, 9 CaMKII activity can contribute to L-type Ca current facilitation 7, 8 and action potential duration prolongation, 7,24 as shown previously, and therefore may favor EAD generation 5, 9 and probably torsade de pointes arrhythmias, 25 which could provide one explanation for arrhythmias observed in vivo by Wagner et al 4 However, we found that CaMKII inhibition clearly reduced the incidence of EADs in TG CaMKII␦ C cells, thereby possibly inhibiting CaMKIIdependent effects on L-type Ca channels 6, 7 and maybe also late I Na , 4 pointing to the fact that CaMKII inhibition may contribute to arrhythmia reduction in vitro and therefore probably also in vivo.
ISO Fails to Increase Ca Transients but Unmasks an Increased Incidence of Diastolic, CaMKII-Dependent Cellular Arrhythmias in TG CaMKII Myocytes
Patch-clamp experiments under basal conditions showed systolic proarrhythmogenic events in TG cells (ie, EADs) rather than DADs, despite their well-documented diastolic SR Ca leak. 6, 7, 26 Therefore, we decided to fill SR Ca stores of TG cells using isoproterenol (up to 10 Ϫ6 M ISO) to unmask potential diastolic cellular arrhythmias. Thus, ISO (at 10 Ϫ8 M) induced an increased incidence of DADs and spontaneous APs, which points to possible diastolic events on ISO stimulation probably generated by I ti as previously reported by Wu et al 20 These authors could convincingly show that the Na/Ca-exchanger was responsible for I ti because the Na/Caexchanger-inhibiting peptide XIP (Na/Ca exchanger inhibi-tory peptide) clearly reduced this arrhythmogenic current. In the same study, it was shown that SR Ca release contributed to the arrhythmogenesis because SR storage-interfering drugs (eg, ryanodine or thapsigargin) as well as CaMKII inhibition decreased I ti . 20 This is in line with our findings in CaMKII␦ C -overexpressing myocytes showing increased SR Ca leak (ie, increased Ca spark frequency), 6, 7 which can be dramatically reduced by CaMKII inhibition using KN-93 or AIP 6, 7 or by direct inhibition of SR Ca leak using tetracaine. 6 However, to our surprise, ISO-dependent increase in Ca transient amplitudes was greatly impaired in TG cells, despite an almost similar acceleration of relaxation on ISO stimulation. In parallel, diastolic [Ca] i rose dramatically in TG compared with WT control cells, most likely due to the increase in SR Ca spark frequency as a measure for an increased SR Ca leak. Indeed, when calculating this leak, it was increased 2-fold on ISO addition but could be decreased back to control levels in the presence of CaMKII inhibition. To assess that the decrease in Ca sparks in the presence of CaMKII inhibition does not depend on a decreased SR Ca content, we also measured SR Ca load by caffeine contractures and did not find a decreased, but a rather increased, SR Ca content confirming previous results 27 and the CaMKII dependency of the arrhythmogenic SR Ca leak (rather than simply decreased SR Ca leak due to decreased SR Ca content). Interestingly, CaMKII␦-KO 14 resulted not only in a clearly decreased Ca spark frequency, which resulted in low diastolic Ca leak despite ␤-adrenergic stimulation, but also in a significantly lowered incidence of all types of proarrhythmogenic NSEs. Therefore, this specific, genetic approach may indicate a future therapeutic alternative to pharmacological CaMKII inhibition, which unspecifically affects all CaMKII isoforms. In summary, these data give further evidence to the relevance of the SR Ca leak in TG CaMKII mice because it dramatically disturbs myocytes' SR Ca handling not only under basal conditions 7 but also during ␤-adrenergic stimulation.
In fact, ISO unmasked a dramatically increased incidence of LNSEs in TG cells compared with WT, which is in line with the increased SR Ca leak and increased diastolic [Ca] (as shown in Figures 2 and 3 ). It should be noted that ISO may also activate CaMKII directly through exchange protein directly activated by cAMP-dependent pathways and indirectly through increasing [Ca] i , 28 thus resulting in more dramatic CaMKII-dependent cellular arrhythmias in vitro. Moreover, these results could have an important clinical impact because ISO concentrations (eg, 10 Ϫ7 M) used in this study reflect pathophysiological ranges found in human heart failure, 29 and of note, Ϸ40% of this patients die because of arrhythmias. 30 However, LNSEs occur after the turning point of the Ca transient during diastole and therefore represent an additional class of arrhythmogenic events in case of TG CaMKII overexpression. Again, and most importantly, pharmacological and genetic CaMKII inhibition dramatically reduced their appearance. Especially, sustained self-preserving NSEs seemed to be of great CaMKII dependency, as Figure 5E and 5F show that sustained NSE could be abolished by pharmacological CaMKII inhibition and were not seen in CaMKII␦-KO cells. Regarding these self-preserving NSEs, we suggest CaMKII autophosphorylation of Thr 287 as an important mechanism. 31 The enzyme's preserved activation augments further diastolic [Ca] i increase and increases CaMKII activity from beat to beat. 32 One possible consequence of this positive feedback is a decreasing threshold for NSE in vitro and accordingly for cardiac arrhythmias in vivo.
In summary, these data suggest that the CaMKII-mediated SR Ca leak, which has a well-documented relevance in the development of heart failure, contributes also to the development of cellular arrhythmias in failing cells during ␤-adrenergic stimulation, which is in line with previous findings by Zhang et al. 8 
CaMKII Activity Contributes to Cardiac Arrhythmogenesis In Vivo in TG CaMKII␦ C Mice Having Heart Failure
As already mentioned above, CaMKII␦ C -overexpressing mice were shown to have more arrhythmias in vivo. 4 However, it was not clear whether these arrhythmias depend on CaMKII activity itself or whether they are simply due to the heart failure phenotype of TG mice. 4, 7, 13 Therefore, we injected 20 mol/L/kg body weight of the CaMKII-inhibiting drug KN-93 in TG CaMKII␦ C mice having heart failure and found a pattern of arrhythmias resembling the previously described bidirectional tachycardias associated with increased SR Ca leak ( Figure 6B) . We then performed a pharmacological arrhythmia-induction protocol (2 mg/kg body weight ISO). 4 In the presence of KN-93, we found a clear decrease in the incidence of resulting arrhythmias compared with the untreated control group, whereas the inactive analogue KN-92 only tended to decrease arrhythmias. However, and of great relevance, CaMKII inhibition clearly and significantly reduced the incidence of cardiac arrhythmias in vivo, thereby extending our in vitro findings to the in vivo level.
Pathophysiological Implications and Potential Limitations of CaMKII Inhibition
CaMKII overexpression contributes to the development of heart failure, 7 is associated with arrhythmias, 4,9 -11 and has detrimental consequences in irreversible ischemia and perfusion injury. 33 In line with this, CaMKII inhibition protects against maladaptive structural cardiac remodeling after excessive ␤-adrenergic stimulation and myocardial infarction. 8 Moreover, targeting CaMKII activity reduced arrhythmias in several experimental studies. 9 -11 Furthermore, this study extends this body of knowledge, suggests the SR Ca leak as an important, diastolic CaMKII-dependent cellular trigger in failing TG CaMKII cells with respect to cardiac arrhythmogenesis, and gives further evidence to the potential antiarrhythmic role of CaMKII inhibition in heart failure. Moreover, we suggest a novel genetic approach of isoform-specific CaMKII inhibition (CaMKII␦-KO) as a promising tool in future antiarrhythmic therapy. Therefore, growing evidence has been gathered that CaMKII inhibition (either pharmacologically or genetically) would provide new therapeutic options in a wide area of cardiovascular diseases.
In contrast, CaMKII seems to have some specific physiological roles, including a contribution to a preserved contractility during acidosis 13, 34, 35 or during stunning. 36 Furthermore, frequency-dependent acceleration of relaxation has been discussed to be CaMKII dependent, but the role of CaMKII for frequency-dependent acceleration of relaxation remains highly controversially. 37, 38 However, further studies are needed to evaluate the possible detrimental effects of long-term CaMKII inhibition with respect to its physiological functions.
In summary, we conclude that CaMKII contributes to cardiac arrhythmogenesis in TG CaMKII␦ C mice in vitro and in vivo and that CaMKII inhibition may provide a novel antiarrhythmic approach in heart failure.
